Host cell factors modulate retroviral infections. Among those, cyclophilin A (CypA) promotes virus infectivity by facilitating virus uncoating or capsid unfolding or by preventing retroviral capsid interaction with cellular restriction factors. In Aotus species, a retrotransposed copy of CypA inserted into the tripartite motif 5 (TRIM5) gene encodes a fusion protein which may block human immunodeficiency virus type 1 by targeting the incoming virus to ubiquitin-ligated degradation or by interfering with normal uncoating of the incoming particle, rendering those monkeys resistant to infection. In this study, we have extensively analyzed representative specimens from all New World primate genera and shown that the retrotransposed CypA copy is only present in Aotus. We have shown that this inserted copy diverged from its original counterpart and that this occurred prior to Aotus radiation, although no positive selection was observed. Finally, our data underscores the need for a precise taxonomic identification of primate species used as models for retroviral infections and novel antiviral approaches.
Host cell factors modulate retroviral infections. Among those, cyclophilin A (CypA) promotes virus infectivity by facilitating virus uncoating or capsid unfolding or by preventing retroviral capsid interaction with cellular restriction factors. In Aotus species, a retrotransposed copy of CypA inserted into the tripartite motif 5 (TRIM5) gene encodes a fusion protein which may block human immunodeficiency virus type 1 by targeting the incoming virus to ubiquitin-ligated degradation or by interfering with normal uncoating of the incoming particle, rendering those monkeys resistant to infection. In this study, we have extensively analyzed representative specimens from all New World primate genera and shown that the retrotransposed CypA copy is only present in Aotus. We have shown that this inserted copy diverged from its original counterpart and that this occurred prior to Aotus radiation, although no positive selection was observed. Finally, our data underscores the need for a precise taxonomic identification of primate species used as models for retroviral infections and novel antiviral approaches.
The zoonotic events involved in the transmission of human immunodeficiency virus type 1 (HIV-1) and HIV-2 from chimpanzees and sooty mangabeys to humans demonstrate the ability of lentiviruses in crossing species barriers (21) . Although numerous examples of retroviral transmission across species have been reported to date (5, 13, 23) , retroviral host ranges, in natura, are limited by restriction or enhancing factors in new hosts, which may block or promote the early steps of the life cycle of retroviruses inside cells (6) . Some of these blocking factors include members of the tripartite motif 5 (TRIM5) protein family (25) , contrary to factors that enhance infection, as is the case of cyclophilin A (CypA) (22) . TRIM5 and CypA interact with the capsid (CA) portion of the Gag protein (3, 20) . It has been suggested that CypA may facilitate disassembling of the virus capsid for reverse transcription (1). Conversely, one of the TRIM5 isoforms, TRIM5␣, may target viral capsid to proteasome degradation before nuclear import or interfere with the uncoating of the incoming virus, while it has been postulated that CypA may promote infection by preventing the association of TRIM5␣ with the viral capsid (6) .
An increasing amount of data on lentiviral infectivity has been provided by the lentiviral modulating factors of New World Primates (NWP), a group that, apparently, does not harbor lentiviruses in natura. NWP cells are only moderately infected by HIV-1 and SIVmac; owl monkey (Aotus trivirgatus) cells are not infected by HIV-1, while squirrel monkey cells are resistant to SIVmac (12) . More recently, HIV-1 blockage in Aotus cells was explained by presence of a complete, in-frame insertion of CypA cDNA, between exons 7 and 8, in the TRIM5 locus originating a chimeric gene encoding a TRIM-CypA fusion protein (14, 18) capable of blocking HIV-1 replication in Aotus cells and in human cells transiently expressing its coding cDNA (14) .
Although it has been postulated that this CypA insertion must have occurred by a transposition event that took place after the divergence of NWP from the Old World Primates (OWP) (18) , the precise origin and timing of this event could not be traced along the NWP phylogeny because this chimeric gene has not been investigated in representative species of all NWP genera. Moreover, the extent of this retrotransposition in congeneric Aotus species and within species has not been analyzed. In fact, Aotus is a complex genus that was initially considered to be monotypic until Hershkovitz (9) In this study, we analyzed representatives of all NWP genera, including representatives of several taxonomically characterized Aotus species of known geographic origin which were wild caught in different regions. For detecting the CypA insert, a single-round PCR was designed, resulting in fragments of different size from those observed when the insert was absent (Fig. 1 ). This was carried out with a forward primer (5ЈCAA CGCTACTGGGGTAAGGAGA3Ј) annealing at the 3Ј end of TRIM5 exon 7, and a reverse primer (5ЈCATGTTTTAAGA TTTATATTTCTTCTTC3Ј) annealing at the 5Јend of trim5 exon 8. When the CypA insert was present, a fragment of approximately 900 bp (corresponding to cyclophilin A cDNA) was amplified, while a smaller fragment of approximately 100 bp was observed in agarose gels when the insert was not present. When studying representatives of all NWP genera (Table 1) , the CypA insert was detected in all specimens of Aotus (A. infulatus, A. azarae, A. trivirgatus, and A. lemurinus) but was absent in the representatives of all other 15 genera of NWP. Identification of CypA inserts was confirmed by twostrand, direct DNA sequencing; reactions were carried out with the same primers used in the PCR assay and two internal primers (F1, 5ЈCAACGCTACTGGGGTAAGGAGA3Ј, and F2, 5ЈCATGTTTTAAGA TTTATATTTCTTCTTC3Ј). Samples were run in an ABI 377 automated DNA sequencer (Applied Biosystems, Foster City, CA); sequences were edited, translated into predicted amino acid sequences, and aligned with ClustalW (10) .
Nucleotide sequence accession numbers. All nucleotide sequences were deposited in the GenBank database and were assigned the accession numbers DQ098851 to DQ098874.
Few amino acid substitutions were observed when comparing the transposed and nontransposed CypA sequences of NWP with the non-transposed sequences of OWP, indicating a very strong evolutionary conservation of this protein in the primate order. Interestingly, all Aotus CypA proteins showed an E84D substitution and lacked the last amino acid (E165) although we do not know whether these changes might represent signatures of Aotus CypA proteins or of all NWP genera. Other substitutions, like V29L, R69H and E81V, were also observed in several owl monkeys, with the exception of the previously reported A. trivirgatus sequences (AY646198, AY646199 and AY684997) and of A. lemurinus characterized herein. In fact, changes V2I and V20I were present only in specimens identified as A. trivirgatus sensu Hershkovitz (9) , with a diploid chromosome number of 2n ϭ 50, and captured in a locality within the geographic distribution of this species. Most interestingly, however, were changes V117A, I138V, S147C, and N149Y, which were present in all sequences derived from the retrotransposed CypA gene, but not in the sequence derived from the mRNA of the original (nontransposed) CypA gene of Aotus trivirgatus (Fig. 2) . This finding confirmed a previous report showing sequence differences be- (14) , indicating that the retrotransposed gene evolved subsequently to the insertion event. Among the retrotransposed CypA substitutions, S147C created a new cysteine residue, which could alter potential intra-or intermolecular disulfide bonds. All amino acid residues previously associated in interactions with HIV-1 CA (H54, R55, N71, N102, and H126) and with cyclosporine (W121) (2, 4) were strictly conserved in all primate species, suggesting that all retrotransposed sequences are biologically functional. A phylogenetic CypA topology using six OWP sequences as outgroups, and including previous data on Aotus CypA, did not group specimens accordingly to their taxonomic status or geographic distribution. Retrotransposed CypA genes were tightly grouped in a well-supported clade divided in two branches. The divergence of the upper branch clearly indicated that A. infulatus specimens captured in Tucurui (3°45ЈS, 49°40ЈW) and A. azarae boliviensis specimens captured in the Samuel dam reservoir (8°45ЈS, 63°26ЈW) were clearly paraphyletic despite the fact that these animals were captured in regions that are very distant from one another. Moreover, two specimens of A. trivirgatus sensu Hershkovitz (9) , captured north of the Rio Negro (Brazil), were also included in the upper branch. Conversely, the lower (retrotransposed) CypA branch showed seven collapsing, identical branches. These comprised (i) the previously reported cDNA insert of A. trivirgatus (AY646198); (ii) the previously reported A. trivirgatus insert (AY646199) isolated from genomic DNA of the same animal; (iii) the previously reported A. trivirgatus insert (AY684997) isolated from DNA of a kidney cell line (OMK); and (iv) the CypA sequences of four A. lemurinus from Colombia herein analyzed.
The possibility of positive selection at differing sites was tested using the CODEML program of the PAML package (24) . Three alternative topologies were constructed using the OWP topology of Page and Goodman (15) ). These topologies were tested assuming the same nonsynonymous/synonymous (dN/dS) substitution ratio for all branches (one-ratio model) and different dN/dS for branches (free-ratio model). No significant differences were observed between likelihood values obtained under these models, indicating absence of positive selection. Additionally, no evidence of positive selection for individual codon sites was found with CODEML using different codon substitution models (M0, M1, M2a, M3, M7, and M8).
Phylogenetic topologies relating the four Aotus species herein analyzed were clearly different when analyzing cytochrome b (1,140 bp) because a distance tree showed that the A. trivirgatus sensu Hershkovitz (9) were included in the most basal offshoot, with a sister branch splitting in a dichotomy, comprising A. lemurinus in one lineage and A. infulatus/ A. azarae boliviensis in another (Fig. 3) . These two species, although strongly grouped, showed a paraphyletic arrangement, indicating the presence of a trans-specific, ancestral cytochrome b polymorphism. It is noteworthy that A. infulatus and A. azarae boliviensis were found to be karyotypically identical, and that their taxonomic status, as separate species, has been questioned (16, 17 on November 11, 2017 by guest http://jvi.asm.org/ occurred contrary to a lower limit of 4.5 MYBP. Once inserted, it is apparent that nucleotide substitutions at the CypA insert must have taken place before Aotus radiation, representing an ancestral polymorphism unrelated to the divergence of the three evolutionary lineages shown by the cytochrome b topology. This could also be due to the fact that mitochondrial DNA is more prone to be evolved by genetic drift than to the fact that it is maternally transmitted (11) .
In summary, we have demonstrated that Aotus is the only genus of NWP harboring a CypA retrotransposition in TRIM5. Our results also indicate that the CypA retrotransposed copy present in Aotus has evolved subsequently to this insertion but prior to Aotus radiation. Although no positive selection was detected in the CypA gene as a whole or at specific codons, it is possible that ancient retroelements other than lentiviruses (such as endogenous retroviruses or retrotransposons) might have selected for amino acid substitutions seen today when comparing the original and the retrotansposed CypA copies. In addition, our data highlight the importance of an accurate classification of Aotus species in the study of restriction factors. Although it has been stated that Aotus trivirgatus is particularly resistant to HIV-1 infection (12), the specimens analyzed in this report grouped with A. lemurinus rather than with A. trivirgatus sensu Hershkovitz (9) . It is noteworthy that the striking variability among Aotus species accounts for different susceptibilities to the development of malaria upon infection by different Plasmodium variants (8) . Therefore, a precise characterization of primate species with distinctive susceptibility patterns to lentiviruses will enable a faster and better understanding of the processes controlling retroviral restriction and their application in antiviral strategies.
